Abstract-
I. INTRODUCTION
Many recent projects envisaged the possibility to modulate the energy consumption in LV networks by modulating the feeding voltage of the end-users [1] , [2] . This approach, known as CVR (Conservation Voltage Reduction), is suitable for networks with three-phase users, therefore with balanced voltage on the three phases.
However, the increasing presence of Distributed Energy Resources (DERs) like photovoltaic and new storage-capable loads (e.g., plug-in hybrid electric vehicles), may result into non-monotonic voltage variations along the feeder, which may actually be mitigated by proper management of reactive power provision of small photovoltaic generators [3] or electric vehicles [4] .
The effects of different control strategies for three-phase inverter-connected DG-units on voltage unbalance in distribution networks have been presented in [5] to study both the voltage negative-and zero sequence components.
Furthermore, since LV networks host both single and three-phase users, the different power flow on the phases may result into some voltage unbalance issues that can interfere with voltage control strategy (i.e. CVR).
The problem of network regulation in unbalanced conditions is addressed in [6] , [7] and [8] where different control strategies of embedded three and four wire inverters are presented.
A solution for the voltage conditioning in LV networks is presented considering an on-load-tap-changing (OLTC) operation of the secondary substation transformer. Some commercial products are already available for the scope relying on electronic switching capability [9] and are commonly known as smart transformers [10] .
The novelty of the proposed approach is the management of voltage unbalances decoupling the tap variation among the phases. It means that in case one of the phase voltages is particularly loaded, the transformer will reduce the ratio just on that specific phase, without involving configuration changes of the other two phases.
The methodology adopted in this study is described in Section II along with the modelling approach used for the OLTC phase-wise transformer. Several scenarios are defined in Section III along with the relevant information of a real LV Danish network. The results are presented in Section IV and the final remarks and future studies are reported in Section V.
II. METHODOLOGY

A. Problem statement
It is common in Denmark to have three phases connection available even for relatively small residential users and, depending on the layout of the household electrical installation, concurrent loads may be concentrated on just one phase. Moreover, the increasing presence of small single phase distributed energy resources (DER) like photovoltaic and new storage-capable loads (e.g., plug-in hybrid electric vehicles), is leading into uncorrelated voltage variations along the feeder: it may happen that one phase voltage is increasing along the feeder, while the others are decreasing. Therefore, since LV networks host both single and threephase prosumers, the different power flow on the phases may lead to voltage unbalances that can interfere with the CVR control strategy.
The novelty of the proposed approach is the utilization of a decoupled OLTC MV/LV transformer, which is capable of regulating each single phase tap changer in a different way. A research project aimed at the realization of this kind of transformer is recently started and will foresee the testing on the experimental facility SYSLAB of the Risø DTU and a future application on the field.
The present work aims at providing, by evaluating achievements in term of voltage unbalances and losses reduction on a LV feeder, a feasibility analysis of an OLTC distribution transformer with decoupled tap capability. The tap changers can regulate the single phase voltage ±5% the nominal value.
B. Multi-Phase system modeling
In order to perform the analysis in a LV distribution network, a power flow tool able to deal with asymmetrical systems is needed. The method adopted for this work has been classified as a Current Injection method and allows carrying out power flow analysis on multi-phase systems [12] . The principle leading to the composition of the potentially asymmetrical system is depicted in Fig. 1 where the Network Admittance Matrix is composed starting from the branches definition (self and mutual admittances) including lines and transformers. The system is then integrated with the shunt elements (whether they are loads or generators) which are represented as a parallel of constant admittances and variable current injectors, so the total current contribution depends on both terms and gives the possibility to change the models' voltage dependency. A similar approach is also adopted in the software OpenDSS released by EPRI [13] used in this work to compute the simulations presented in section IV.
C. Transformer modeling
Once the network model is built as for the scheme depicted in Fig. 2 , the transformer needs to be represented as an admittance matrix connecting the PCC (LV busbar) to the MV network.
The classical approach used defining the transmission matrix of a generic single-phase transformer [14] is implemented to consider each phase's primitive matrix. Since for this work a control on the single phases was needed in order to independently control the transformer ratios, the model is built by three single-phase transformers, each secondary side connected between an earthed neutral point and a different phase of the LV grid, whereas at the primary side (MV busbar) the connection is made between two phases, as for the Delta connection, resulting in a three-phase Delta-Wye transformer model, as shown in Fig. 2 . 2 shows a schematic representation of the transformer model: in particular it can be noticed that, since the MV side works with isolated neutral, the fourth port is open, while at the secondary side the neutral point is connected to the relative conductor in the four-wire system. Furthermore, for this paper it has been considered that each phase of the LV side has the possibility to perform a tap-changing action, conditioning the relative phase voltage independently.
III. NETWORK LAYOUT AND TESTING SCENARIOS
A. Danish low voltage network
The network considered for application consists in a 12-bus Danish LV feeder connected to the MV network through a 10/0.4 kV transformer as shown in Fig. 3 [15] . The short circuit power of the main network is 20 MVA.
Measurements on the real system allowed characterizing the power consumption of the 33 single phase loads during a 24-hours interval which resulted to be about 740 kWh, with a mean power of 30.8 kW. The total energy and mean power amounts for each phase are reported in TableTABLE I.
The three-phase transformer is modeled as described in Section III enabling the phase-wise independent operation of the proposed OLTC. 
B. Simulation scenarios
The defined scenarios aim at investigating the effects of the OLTC installed at the MV/LV Substation. In particular, an analysis of the feeder-end phase voltages is made in order to evaluate the voltage magnitude and voltage unbalance level under different operating conditions.
Starting from the Base Case Scenario, derived from the voltage and currents measurements on the real system, three other scenarios are presented to evaluate the possible effects of the control:
1. Synchronized OLTC: the OLTC is operated simultaneously on the three phases, taking as reference the phase voltage at phase a. The tapchanging ratio is the same adopted for off-load operation in distribution transformers; 2. Phase-wise OLTC -discrete: three independent controllers are set referring each one to one phase of the system. The control uses the same tap changing ratio used for the synchronized action; 3. Phase-wise OLTC -continuous: the independent action of each phase is considered with a higher number of taps with smaller variations. The OLTC controllers operate at the MV/LV transformer secondary busbar, using as input variable the voltage at the controlled bus (Bus 6 in Fig. 3 A more accurate regulation can be achieved with a finer control of the OLTC, maintaining the voltage variation range at ±5% Vn while reducing the step voltage variation V at 0.1% Vn with a Dead-Band set at ±0.25% Vn. 
IV. SIMULATION RESULTS
C. Base Case Scenario -no OLTC
The phase-neutral voltage profile over the 24 hour time period considered as a Base Case for simulations is shown in Fig. 7 . As it can be seen, the profile follows what is expected in a residential area, with low loading during the night (from 0 to 6 a.m.) and higher absorption by loads in the evening (from 6 to 12 p.m.). The maximum voltage sag could be observed around 8 p.m. in phase a, with 0.955 pu. 
D. Scenario A: Synchronous OLTC
The first scenario considers the synchronous operation of the tap-changer controllers on the three phases. The hypothesis is that the OLTC uses as input variable the voltage measurement on one of the phases (in this case phase a). Fig.  8 shows the voltage profile on the controlled bus with the synchronous tap-change operation at the MV/LV transformer. It can be seen that the controller causes a V=0.025 pu variation (tap +1) when the phase a voltage at bus 6 overcomes the lower threshold 0.98 pu. When the power consumption by loads increases, at around 8 p.m., the tap controller switches to +2 ( V=0.05 pu) causing a voltage rise on the other phases too. 
E. Scenario B: Phase-wise OLTC -discrete
In the second scenario, the phase-wise operation by the OLTC is adopted. In this case the voltage measurements at the controlled bus are considered individually to perform the independent control on the three phases. For the sake of comparison, the steps ratio and total range for the OLTC are kept as for the previous scenario. Fig. 9 shows the voltage profile during the 24 hours simulation at bus 6 with the phase-wise OLTC control. As it can be seen, the tap controllers react to the Dead-Band overcoming by the relative voltage in different instants reducing the deviations within the Dead-Band, but this operation could possibly adversely affect the voltage unbalance as shown in Fig. 10 , where the Voltage Unbalance Factor (negative sequence) is evaluated in scenarios A and B as for the expression (1) From the simulations it clearly emerges that, while a synchronous operation of the OLTC does not affect the unbalance level, the negative sequence content increases sensibly when the OLTC controller sets different positions on the phases. This effect is mainly given by the discreteness of 
F. Scenario C: Phase-wise OLTC -continuous
A significant improvement in the control could be given by a higher number of steps, pursuing a regulation as close to continuous as possible. In particular, the higher precision of the control enables to reduce the Dead-Band reaching a more accurate voltage regulation at Bus6 busbar. Fig. 11 shows the result in terms of phase voltages obtainable setting the DeadBand width at 0.5% Vn. In this case the control is more effective, containing the maximum deviations around 0.25% Vn. In Fig. 12 a comparison between the unbalance in the discrete and continuous control is made, stressing the fact that a discrete control with less selective voltage variation may worsen the unbalance condition, while a continuous regulation may result not only in an overall voltage magnitude improvement, but also in smaller unbalances. In Fig. 13 the voltage variation imposed by the OLTC on each phase in scenario C is shown. It clearly appears that the controller follows the voltage deviations at bus 6 operating to maintain the voltage within the assigned Dead-Band. In Table TABLE II Finally in Fig. 14 the neutral potential at the controlled busbar is shown for each scenario. It could be seen that in all three situations the neutral potential is quite similar, just slightly higher in scenario C. This tendency is justified by the fact that the voltage variation obtained does not induce a sensible variation on the phase currents; as a consequence the voltage drop on the neutral conductor remains nearly the same. Data and measurements on a Danish LV feeder have been used in a 24-hour time simulations in order to assess the possible effects of this kind of control on a real system.
The three scenarios considered different features dealing with progressive levels of discretization on the voltage control. The results in terms of phase voltage magnitude and unbalance highlighted the fact that the phase-wise operation of the OLTC although providing a better control on the overall voltage deviations, may also result in an unbalance worsening when applying a discrete tap change with large steps. The continuous operation of the OLTC may instead result in a better control improving the voltage quality on both the magnitude and unbalance standpoints.
The results indicate that a phase-wise OLTC although reducing the voltage deviations does not sort any effect on the neutral conductor potential. Some improvements in that sense may come from an active management of the power exchange by the users.
The objective of future works is to extend the simulations analysis over a longer time period (weeks) and to analyse the influence of renewable sources, such as small three-phase and single-phase photovoltaic generators, on the on load tap changing strategy.
During 2015, the studied transformer will be tested in the experimental facility SYSLAB-PowerLab.DK of the DTU Risø Campus.
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